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Abstract

The natural convection of air in a close-sided vertical channel has been experimentally studied. A
laboratory model (height, H=0.1m x width, w=0.1m) with a rectangular cross-section was heated
with a uniform heat flux from one side while the other side was kept adiabatic. The experiment was
carried out under various operating conditions, variable channel depths (s=45mm, 55mm and 65mm)
and variable heat inputs ( Qin= 5W, 10W, 20W and 25W). Airflow and heat transfer behaviour was
investigated extensively and dimensionless correlations were derived as a function of the modified
Rayleigh number (Ra*) and aspect ratio of the channel (s/H).
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1. Introduction

Heat transfer by natural convection is a passive
phenomenon and therefore an attractive proposi-
tion for various applications, in that it requires no
mechanical aids. Natural convection airflow along
a single vertical plate is one example, applicable
in electrical application, e. g. transformers. It is
a complex phenomenon depending very much on
geometry, among other factors. Even in the case
from vertical surfaces, the variations include, for
example, a single plate surface or a vertical chan-
nel between two plates; open-sided or closed sided
channels; and uniform heat flux (isoflux, UHF) or
uniform wall temperature (isothermal, UWT).
Wide range of studies concerned with this subject
were considered the problem theoretically and ex-
perimentally and important correlations were de-
rived, [1-3]. Second example is found in vertical
open-ended channels occurs in passive solar air
collectors (big-scale channel) such as Trombe wall
[4].After the invention of Trombe wall, several
studies have focused on studying heat transfer
and airflow behaviour inside such aUHF channels.
For example, [5,6] who carried out an extensive

numerical solution and derived complex correla-
tions for laminar and turbulent flow. Whereas,
[7-10] derived empirical correlations based on an
indoor experimental data describing airflow and
heat transfer for a UHF vertical channels which
were more than 1m2 area. Other situations where
natural conviction occurs is from cooling fins on
electronic equipment (usually in small scale). Since
the seminal work of [11], there have been many
investigations of buoyancy-driven convection be-
tween vertical plates (open-sided and closed sided
small scaled-vertical channels). Most of the stud-
ies were conducted on water as a working fluid
and for a UWT heating mode. In instance,
[12] collected and experimental data and derived
correlations for various channel aspect ratios (s/H)
and inclinations.[13] also carried out experiments
on natural convection in air between two isother-
mal plates to study the effect of inclination and
plate spacing on the behaviour of heat transfer.
They observed that the Nu, which describes the
heat transfer to fluid, in all cases was dependent
on the separation distance between the plates,
but not strongly dependent on the plate inclina-
tion. Finally, [14] investigated experimentally the
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natural convection turbulent airflow between two
small vertical plates. The study included both
the cases of symmetrically and asymmetrically
isothermal heated channels. In the case of sym-
metrical heating, they observed a high velocity
gradient close to the heated plates and a reversed
flow at the centre close to the channel entrance.
In the second case (asymmetrical heating), the
results indicated a large vortex, with an upward
flow along the hot plate and downward flow along
the cold plate with a wide boundary layer near
the hot wall.
This paper reports an experimental work and anal-
ysis of data to characterise the heat transfer and
airflow within an open-ended vertical small-scaled
channel (0.1m x 0.1m) . The model was designed
for UHF different heating mode and different chan-
nel depths. The aim of the present work is to in-
vestigate the effect of the variation of heat input
and channel depth on airflow and heat transfer
behaviour inside the channel.

2. Experimental Set-Up
The experimental model(Figure 1) comprised a
vertical channel, open at top and bottom, and
enclosed at both sides. The dimensions of the
channel were 10cm high (H) and 10cm wide (w),
area 0.01m2. The depth of the channel could be
altered, ranging from 45mm to 65mm. One of the
channel plate was heated uniformly by electrical
resistance with four different values (5W, 10W,
15W and 20W). The opposite plate was made
from 2mm aluminium plate placed vertically, op-
posite to heated plate and thermally insulated
of 10mm thermal insulation from outside to re-
duce thermal losses. The sides of the channel was
closed by pair of hard wood of the same thickness
of the required depth of the channel. Fine (0.2mm
diameter) type T copper constantan thermocou-
ples were inserted within the model to determine
temperature at inlet, outlet, heated wall and the
opposite wall, as illustrated in Figure 2.1 . The
thermocouples in the air stream were placed cen-
trally inside lightweight silvered-radiation shields
(made from light plastic pipes), about 2cm long.
These were designed specifically to reduce as far
as possible any effects on the airflow or tempera-
tures within the channel. A further thermocouple
was used to measure ambient temperature.
An Airflow TA-5 hot bead anemometer was used
to measure the airflow velocity at the entrance

Figure 2.1: Schematic Diagram of the Experimental set-
up (not to scale)

of the channel during each experiment. This was
provided with an analogue voltage output, which
could be recorded by the data logger. The de-
vice had been calibrated at BSRIA Instrument
Solutions where the accuracy was 0.15 to 1.25m/s,
±(2%, 0.01m/s).

3. Experimental Procedure

In order to achieve accurate results, all thermo-
couples were calibrated at freezing and boiling
points before the commencement the experiment.
The standard
deviation of the calibration outcome with 95%
confidence gave typically ±0.5°C, and up to ±
0.8°C for the airflow readings, and ± 1.2 °C and
±0.9 °C for the hot
plate and the opposite plate respectively. The
propagation rules were used to calculate uncer-
tainties values.
The experimental technique was designed to col-
lect temperatures and velocities taken under sev-
eral operating conditions, namely different chan-
nel depths and different heat inputs. The purpose
of these measurements was to study the behaviour
of the airflow and heat transfer due to natural
convection in a vertical channel. The channel
depths tested in this work were 45mm, 55mm and
65mm while the heat inputs were between 5W
and 20W at 5W intervals. Each test run started
from cold (ambient temperature) and heated at
least 2.5 hour, in which the system reached steady
state. After each run, the system was allowed to
cool down overnight to ensure that the next run
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would start again at ambient temperature. Pre-
vious researchers experienced some difficulties in
measuring the airflow due to air leakage. There-
fore, a smoke test was performed at the start of
the test sequence to confirm that there was no
air escaping from the test rig. The test was car-
ried out after the system had been heating up for
about 2.5 hour, and smoke was released at the en-
trance of the channel while the exit vent was com-
pletely sealed. The test did not show any indica-
tion of air leakage. Hot bead Anemometer used in
the experiment was placed at the entrance of the
channel to record the velocity reading (velocity
profile assumed to be flat at the entrance) to cal-
culate the mass flow rate afterward. All readings
(temperatures and velocities were recorded by a
data logger for archiving). All data used in the
present work were those obtained at the steady
state condition.

4. Results and Discussion

4.1. Transient Response
The transient temperature data closely fit an ex-
ponential model of the form:

P = Po (1–exp(−k′t)) (4.1)

The asymptote Po from this model was taken as
the steady-state value for the purposes of further
calculations.A proprietary curve-fitting software
package (SigmPolt) was used to fit the data to
the requiredexponential curve. From this curve
time constants, (1/k′) can be derived in accor-
dance with Figure 4.1.
The time constants (1/k′), for the overall sys-
tem, were of the order of 30-70 minutes. For the
channel air the typical time constant was about
50minutes, and for the plate and the cover ap-
proximately 35minutes. This means the plate and
the cover apparently achieve steady state before
the airflow. No firm trends were noted for time
constants as functions of heat input and channel
depth.

4.2. Velocity and Flow Rate
The air velocity profile across the channel was
measured, at the bottom, after steady state has
been achieved. The velocity profile was fairly flat,
as might be expected close to the inlet region, be-
fore the hydraulic boundary layers could fully de-
velop, through up the channel. Thus, in order to

Figure 4.1: Typical Correlation of Hot Plate Tempera-
ture against Time

calculate mass flow, the velocity at the bottom
was taken as the bulk, or average, velocity. The
flow rate is determined by[15]:

ṁ = ρiAC ū (4.2)

Velocities were observed (see Figure 3a) to in-
crease with increasing heat input. Though the
fluid velocity is observed to fall with increasing
channel width.However, the mass flow rate in-
creases with increasing channel width and heat
input. Typical flow rate range from 0.0013 kg/s
(45mm, 5W input) to 0.0022 kg/s (65mm, 20W
input). These results are shown in Figure 3b.
Bouchair [10] found that beyond a channel width
of 300-500mm (within aspect ratios of 0.2- 0.3),
the mass flowrate decreases with increasing chan-
nel width. Figure 3b shows no support for these
results, in that at low heat inputs and high chan-
nel depths, there does not appear to be some level-
ling off, or even reduction, in flow rates. A numer-
ical analysis conducted by [5] within this range
implies an asymptotic straight line beyond a 0.3
aspect ratio (as opposed to a decline).

5. Dimensionless Correlations

The Modified Rayleigh number (Ra") was calcu-
lated for all values of channels depths and heat
inputs,based on convective heat flux and channel
height[1], ranges between 1.6x109 and 4.8 x 109.
Ra". Nusselt number , Nu(s), and Reynolds num-
ber Re(s) were derived as s function of Ra* and
s/H as follows:
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(a) (b)

Figure 4.2: Variation of Velocity and Mass Flow Rate with Heat Input

Since:

Ra∗ =
gβQcH

4

Apkv2
(5.1)

and the overall convective coefficienth̄ was calcu-
lated from:

h̄ =
Qc

Ap (Tp − Tm)
(5.2)

and "Q" _"c" can be calculated fromthe following
heat balance :

Qc = ṁCpTo − Ti) (5.3)

where the heat flux across the glass wall is ne-
glected. In all casesstudied here, the convective
coefficient h̄ ranges between 4.6 and 11.7W/m2K
and show slight increase when heat flux increases.
This leads to calculated Nu(s) (Nusselt Numberas
a function of channel depth (s)) by using the fol-
lowing equation:

Nu (s) = h̄.s/k (5.4)

In order to derive a correlation to determine Nu(s)
as a function of Ra* and the aspect ratio (s/H),
mathematical formula was suggested to take the
following form:

Nu(s) = a [Ra∗]
b

[s⁄H]
c (5.5)

Where a, b and c are constants.
Figure 5.1shows Nu(s)plotted against Ra* along
with the results of [7,8]. It is clear that Nu(s)
increases as the heat input for a given channel

depth. By using the standard multiple regres-
sion techniques, correlation constants in equation
7 were computed as well as the standard error
(S.E) and the correlation coefficient (R2). This
technique was, for example, used by [7-9]. Table
5.1 lists the current results along with the previ-
ous results of [7,8] for comparison.

Figure 5.1: Nusselt Number against Rayleigh Number

Table 5.1: Regression Coefficients for Nu(s) against Ra*

Constant a b c S.E R2

Current Res-
0.022 0.322 0.783 0.035 0.895

ults H=0.01m

La Pica et al
0.932 0.203 0.895 0.023 0.98

[7]H= 2.6m

Habeb [8]
0.19 0.219 0.454 0.008 0.992

H=1.025m

In order to study the behaviour of the airflow,
Reynolds number, based on the channel depth (s),
was used as an indicator. Re(s) was calculated
using the following equation [15]:
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Re(s) =
ūs

v
(5.6)

Applying a similar technique as above, the follow-
ing mathematical form suggested here is:

Re(s) = a [Ra∗]
b

[s⁄H]
c (5.7)

Figure 5.2 presents the relationship between Re(s)
and Ra* which can be clearly seen that Re(s) in-
creases as the heat input increases for a given
channel depth. Standard multiple regression tech-
niques was used again to evaluate the correlation
constants and associate statistical values (S.E and
R2). Table 5.2 lists these values along with results
of previous researchers [7,8]also for comparison.

Figure 5.2: Reynolds Number against Rayleigh Number

Table 5.2: Regression Coefficients for Re(s) against Ra*

Constant A b c S.E R2

Current Resu-
4.031 0.265 0.608 0.016 0.964

lts(H=0.01m)

La Pica et al
0.501 0.315 0.418 0.011 0.992

[7], H= 2.6m

Habeb [8]
0.359 0.364 0.626 0.009 0.995

H=1.025m

To compare the current results with previous ones,
Table 5.1 and Table5.2 show together results from
selected previous studies. The current results do
not match with previous results. Differences can
be attributed to: the extents of the data avail-
able for each study; the differences in height of
the models; differences in the constructions of the
model; differences in locations in measurement
points; different flow pattern, and other uncer-
tainties and experimental errors. In instance, tur-
bulent regime of the airflow was detected at the
outlet of the channel [7] as the channel height is

a strong function of Ra*. Habeb [8] also observed
a sign of a turbulent flow byusing a PIV device
(Particle Image Velocimetry) particularly at the
entrance. However, the slope of the equations
(represented by the constant b) show reasonable
agreement for Nu(s) and Re(s) equations).

6. Conclusion

The data from this investigation yield some in-
sights into the performance of this kind of ap-
plication, by varying the heat input and channel
depth. The following are the main conclusions
from this investigation:

• According to obtained results, the heat transfer
coefficient is dependent on the heat input and
channel depth. For heat inputs up to 2000W/m2.
The present data gives the following results:

h̄ is proportional to Q0.322
in

and
h̄ is proportional to S0.783

• The mass flow rate within the channel depends
on both the heat input and the channel depth.
In accordance with Equation 9 and Table 2, the
current investigation suggests that:

ṁ is proportional to Q0.265
in

and
ṁ is proportional to S0.608

Other previous results (for example [10]) suggested
that there may be an optimum channel depth,
which may depend on heat input, to give maxi-
mum flow rate.However, data from the current in-
vestigation for low heat inputs and at high aspect
ratios do not show any support for this assertion.
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